When liquids confined in slit channels approach a monolayer, they become two-dimensional (2D) fluids. Using molecular dynamics simulations, we study the flow of quasi-2D water confined in slit channels featuring pristine graphene walls and graphene walls with hydroxyl groups. We focus on to what extent the flow of quasi-2D water can be described using classical hydrodynamics and what are the effective transport properties of the water and the channel. First, the in-plane shearing of quasi-2D water confined between pristine graphene can be described using the classical hydrodynamic equation, and the viscosity of the water is ∼50% higher than that of the bulk water in the channel studied here. Second, the flow of quasi-2D water around a single hydroxyl group is perturbed at a position of tens of cluster radius from its center, as expected for low Reynolds number flows. Even though water is not pinned at the edge of the hydroxyl group, the hydroxyl group screens the flow greatly, with a single, isolated hydroxyl group rendering drag similar to ∼90 nm 2 pristine graphene walls. Finally, the flow of quasi-2D water through graphene channels featuring randomly distributed hydroxyl groups resembles the fluid flow through porous media. The effective friction factor of the channel increases linearly with the hydroxyl groups' area density up to 0.5 nm 2 but increases nonlinearly at higher densities. The effective friction factor of the channel can be fitted to a modified Carman equation at least up to a hydroxyl area density of 2.0 nm 2 . These findings help understand the liquid transport in 2D material-based nanochannels for applications including desalination. Published by AIP Publishing.
I. INTRODUCTION
Fluid transport in nano-channels/pores, or nanofluidic transport, has attracted great attention in recent years because of its role in applications including biochemical analysis, desalination, and energy storage. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Because the critical dimension of nanochannels can be comparable to the intrinsic length scale of the working fluids (e.g., fluid molecule's diameter and/or the Debye length of electrolytes), the properties of fluids in the channel can deviate from those of bulk fluids. For example, compared to bulk water, the water confined in the nano-gaps between mica surfaces shows enhanced viscosity 11 while the water confined in carbon nanotubes (CNTs) with diameter <1.5 nm shows reduced viscosity. 12 Furthermore, classical hydrodynamic theories can break down in nanochannels. For instance, molecular dynamics (MD) simulations revealed that the classical Navier-Stokes equations break down for the flow of Lennard-Jones fluids in slit channels with a width less than about four fluid molecule diameters. 13 When the fluids confined in nanopores are subject to shearing with wavelength comparable to fluid molecules' diameter, the local constitutive law relating shear stress and strain rate (thus the classical hydrodynamic theories) breaks down and the flow must be described using the generalized hydrodynamic theories. 14, 15 Most of the existing work on nanofluidic transport focuses on situations in which the critical dimension of the channel a) Author to whom correspondence should be addressed: ruiqiao@vt.edu is larger than a few fluid diameters because even narrower channels are difficult to fabricate. Therefore, fluids in the nanochannels are still three-dimensional in nature and much of nanofluidic research focuses on the flow behavior (e.g., velocity profile) across the channels. Such a situation, however, is being changed due to the emergence of two-dimensional (2D) materials such as graphene. By stacking 2D materials together and controlling the spacing between them, it is possible to prepare slit-shaped nanochannels with size comparable to fluid molecules' size and these channels have shown promise in applications such as desalination. 16, 17 Study of the fluid transport in the slit channels formed by 2D materials has become a fast moving front in nanofluidic research and interesting results have been reported. [18] [19] [20] [21] For example, water viscosity is found to fluctuate as a function of the width of the channel formed by pristine graphene layers. 22 A unique aspect of the slit nanochannels formed by the 2D materials is that, when the channel width is comparable to the size of a fluid molecule, the fluids in the channels exist as a monolayer or a quasi-monolayer. In such situations, the fluids can hardly be considered as three-dimensional entities as in wide channels, and they are better viewed as 2D or quasi-2D entities. The transport behavior of such 2D fluids has only begun to be studied recently. 19, 20, 22, 23 For example, it was found that a 2D network of water molecules can form between pristine graphene patches of the nanochannels built from graphene oxide (GO) sheets and such a network can enhance water permeation through nanochannels. 17 While these studies advanced the fundamental understanding of the transport of 2D or quasi-2D fluids, many questions remain to be addressed.
One of the key issues for the 2D or quasi-2D fluids is how to describe their flow effectively. Although one can still treat the flow of these fluids in a 3D manner (e.g., it is possible to compute their velocity profile across slit channels in the zdirection), it is desirable to treat the flow as 2D flow and use the velocity averaged in the z-direction to describe the flow, given that the fluids are nearly a monolayer. However, it is not yet clear whether the classical hydrodynamic models hold for such flows and what transport properties should be used in the models. For example, 2D fluids are often subject to shearing in directions parallel to the channel wall (i.e., in-plane shearing). Can the flow subject to such shearing be modeled using continuum hydrodynamics? If yes, what shear viscosity should be used in the model? In addition, functionalization groups are often found on 2D materials' surface (e.g., hydroxyl groups are often found on graphene surfaces), 24 and they have been shown to reduce transport of water through nanochannels by reducing the slip length at the graphene-water interfaces. 19, 20, 25 However, a detailed picture of the flow around functionalization groups is lacking at present, and it is not clear whether the features of these flows are similar to those expected from classical continuum hydrodynamics. For the even more complicated scenario where many functionalization groups exist on the channel walls, it is desirable to understand the overall hydrodynamic behavior of the channel (e.g., what is the drag rendered by the channel to the fluids) and describe how such overall behavior depends on properties such as the area density of the functionalization groups on the channel walls.
In this study, we use molecular dynamics (MD) simulations to investigate the flow of water in subnanometer-wide graphene channels. We first investigate the in-plane shearing of the quasi-2D water in pristine graphene channels. We examine whether such flows can be described by the classical hydrodynamic models when the water-wall friction is taken into account and determine the shear viscosity of the quasi-2D water. We next study the flow of quasi-2D water near a single hydroxyl group and small cluster of hydroxyl groups on the graphene walls. We examine how the flow is perturbed by the hydroxyl groups and the accompanying drag force. Finally, we study the flow of quasi-2D water through graphene channels featuring randomly distributed hydroxyl groups. We examine how the drag force exerted by the channel to the water varies with the area density of the hydroxyl groups and whether such drag can be described using the empirical formula for fluid drag in porous media. The rest of this manuscript is organized as follows. In Sec. II, the molecular model and simulation details are presented. In Sec. III, the structure, dynamics, and hydrodynamics of quasi-2D water confined in channels with pristine and hydroxyl-functionalized graphene as walls are discussed. Finally, conclusions are drawn in Sec. IV.
II. COMPUTATIONAL DETAILS
A. Molecular systems Figure 1 shows snapshots of the MD systems used for studying the flow of quasi-2D water in graphene channels. . The systems are periodic in all directions and the spacing between graphene walls is 0.85 nm. The red, blue, white, and cyan spheres denote water oxygen, hydroxyl oxygen, hydrogen, and carbon atoms, respectively. 3D-view snapshots of the systems are shown in Fig. S1 of the supplementary material.
In Fig. 1(a) , the channel walls are pristine graphene layers; in Fig. 1(b) , the channel walls feature hydroxyl groups (either forming a cluster or randomly distributed). All graphene sheets have the same lateral (xy-)dimension of 6.30 × 6.06 nm 2 unless otherwise mentioned, and the system is periodic in all three directions. The channel width W is defined as the center-to-center distance between the carbon atoms in the two graphene walls. To model channels that are periodic only in the xy-plane, a 4 nm-thick vacuum space is placed between the graphene channel and its periodical images in the z-direction, and the electrostatic interactions are computed using the slab-PME (particle mesh Ewald) method (see below). The channel width is 0.85 nm. This channel width is adopted to ensure that water is a quasi-two-dimensional (quasi-2D) liquid in the graphene channel. To meet this requirement, first, the channel must not contain more than one distinct layer of water molecules, which sets the upper bound of pore width to ∼0.9 nm. Second, water must not crystallize into a solid in the channel. Previous research showed that water is prone to form ice in channels with a width of ∼0.65-0.75 nm. 23, 26 Therefore, the channel width should be 0.75-0.9 nm in our study. Because we are primarily interested in general features of the flow of quasi-2D water, a channel width of 0.85 nm is adopted. With this width, water molecules in the channel exist as a quasi-monolayer (see below) and behave as quasi-2D fluids. A channel width of 0.80 nm is also used in some simulations, and the results are qualitatively similar to those obtained from the 0.85 nm-wide channel (see Sec. III B).
The number of water molecules in each channel is determined using grand canonical MD simulations. In these simulations, the graphene channels shown in Fig. 1 are connected to two large water reservoirs in which the pressure is maintained by pistons (see Fig. S2 in the supplementary material). The graphene channels are initially empty and equilibration runs of 10 ns are performed. Typically, the systems reach equilibrium in less than 5 ns. The number of water molecules inside the channel during the last 5 ns is used to compute the equilibrium density of water molecules per unit projection area of the graphene walls in the xy-plane, and the results are summarized in Table S1 of the supplementary material. The channels in Figs. 1(a) and 1(b) are then filled with water molecules based on the equilibrium water density thus computed.
B. Molecular models
Both pristine graphene walls and graphene walls decorated with hydroxyl groups have been used in the MD simulations. To build graphene walls with hydroxyl groups, oxidized carbon atoms are either randomly distributed on the graphene walls to obtain the target density of hydroxyl groups or clustered together with molecular separations on one graphene wall (see Sec. III C). All carbon atoms are fixed during each simulation, 18, 19, 21, 27 but the oxygen and hydrogen atoms are allowed to move to account for the flexibility of the surface groups. The bond stretching, angle bending, and torsional bending of the hydroxyl groups (including hydrogen, oxygen, and connected carbon atoms) are all taken into account explicitly. This vibration of the hydroxyl groups has little effect on its average position in the z-direction (e.g., the center of mass position of the hydroxyl group varies less than 0.01 nm in the simulations) and it does not greatly alter the water flow in the graphene channel.
The OPLS-AA (all-atom optimized potentials for liquid simulations) force fields, 28 which are widely used to model graphene with surface groups, 20,21 are adopted to describe graphene and the hydroxyl groups. The rigid SPC/E (extended simple point charge) model 28 is used for the water molecules. The force field parameters including non-bonded LennardJones potential and bonded interactions are listed in the supplementary material.
C. Simulation methods
Two types of simulations have been performed. First, non-equilibrium simulations are performed to study the flow of quasi-2D water confined in the graphene channels. As practiced in numerous studies of fluid transport in nanochannels, the flow is driven by a constant acceleration applied on fluid molecules in the x-direction. 20, [29] [30] [31] The accelerations are selected such that the resulting velocity of water molecules is less than 25 m/s and the water velocity varies linearly with the applied acceleration. The latter ensures that the results obtained here can be safely extrapolated to practical operating conditions where the driving force (and hence the water velocity) is much smaller than that used in MD simulations. Second, equilibrium simulations are performed to study the dynamics of water molecules in the graphene channels. All simulations are performed in the NVT ensemble (T = 300 K) using the Gromacs code. 32 The water temperature is maintained using the velocity-rescaling thermostat. 33 We find that other choices of thermostat and thermostatting strategy lead to flow behaviors very similar to those reported here (see the supplementary material). A cutoff of 1.2 nm is used for computing the Lennard-Jones potential, and the particle mesh Ewald method with a slab correction 34, 35 is used to calculate the electrostatic interactions.
The validity of the above methods has been examined by studying the slippage of water on pristine graphene walls. Specifically, a 4.0 nm-wide graphene channel is filled with water, and a flow is induced by applying an acceleration of 1.0 × 10 5 nm/ps 2 in the x-direction. From the computed velocity profile, we obtain a slip length of 59.3 nm on the graphene surface, which agrees well with that reported in previous simulations. 36 
III. RESULTS AND DISCUSSION

A. Quasi-two-dimensional water in graphene channels
Figure 2(a) shows the density profile of water across a 0.85 nm-wide slit channel with pristine graphene walls. The number density of water is higher than that in bulk water (∼33.3 nm 3 ) in the central portion of the channel and two weak peaks appear near the graphene walls due to the layering of water. 20, 27 However, the water density at the channel center is only ∼35% lower than that at the density peaks. Therefore, water molecules in the channel form a structure intermediate between a clear monolayer and a distinct bilayer. To clarify the structure of the water inside the channel further, we examine how water molecules in the channel are coordinated by each other. Figure 2 (b) shows the water number density distribution around a central water molecule located at 0.335 nm above the lower channel wall [i.e., at the density peak marked by a magenta circle in Figs. 2(a) and 2(b)]. We observe that this water molecule is mostly coordinated by the water molecules near the lower channel wall, and coordination by water molecules in the layer near the upper channel wall is limited. This suggests that the water in the channel is closer to a monolayer than to a bilayer. The water structures revealed in Figs. 2(a) and 2(b), along with the fact that flow observables such as velocity show little variation across the channel in the z-direction (see below), suggests that the water in the channel can be considered as quasi-2D liquids.
B. In-plane shearing of quasi-2D water
For quasi-2D water confined inside slit channels, its flow often involves shearing in the horizontal plane (termed in-plane shearing hereafter). For example, in channels formed by graphene layers, their walls often include both pristine patches and patches with hydrophilic surface groups. 37, 38 Since the flow is significantly retarded within the hydrophilic patches (termed "side pinning" by Xu and colleagues 20 ), there exists a significant velocity gradient in the horizontal plane and consequently substantial shearing of water in the in-plane direction. For 2D or quasi-2D liquids confined in the pristine patches of the channels, where their shearing due to the velocity gradient in the cross-channel (z) direction is negligible, such in-plane shearing greatly affects the liquid flux through the channel.
To probe the in-plane shearing of water, we freeze two strips of water molecules in the graphene channel as shown in Fig. 3(a) . Note that the system is first equilibrated for 10 ns before freezing water molecules in the two strips. These two strips of water molecules, each measuring 0.5 nm wide in the y-direction, effectively create a no-slip boundary condition for the water flowing along the channel walls. Next, a constant acceleration of g x = 10 2 nm/ps 2 is applied on all other water molecules in the channel to drive the flow in the x-direction. We verify that the flow is in the linear response regime. Figure 3(b) shows the distribution of water velocity normal to the fixed water strip (i.e., across the y-direction). A parabolic velocity profile is observed in the central portion of the channel, similar to the force-driven flow in macroscale slit channels. Figure 3(c) shows the distribution of the velocity of water molecules located at y = 1.5 nm and 0 nm in the crosschannel (z) direction. The variation of water velocity across the channel is small, further suggesting that it is reasonable to consider the water inside the channel as quasi-2D fluids.
The parabolic velocity profile shown in Fig. 3(b) suggests that the classical hydrodynamic model can be applied for the flow of quasi-2D water. To predict the flow of quasi-2D water using classical hydrodynamics, one must determine their transport properties. Here, we extract the viscosity of the quasi-2D water from the velocity profile shown in Fig. 3(b) . To this end, we construct a continuum model for the flow in channels shown in Fig. 3(a) by treating the fluids inside the channel as a 2D object. First, we assume that the in-plane shear stress is given by τ x = µdV x /dy, where µ is the dynamic viscosity for in-plane shearing and V x is the water velocity. Note that, in 2D space, the shear stress is a line stress and dynamic viscosity is related to the kinematic viscosity ν by µ = ρ a ν, where ρ a is the area density of 2D fluids. Next, the drag rendered by the stationary graphene walls to the water is modeled as a body force F b = f w,pris V x (f w,pris is the friction factor of the pristine graphene channel and its calculation is presented in the supplementary material). It follows that for a flow driven by a constant acceleration in the x-direction, its governing equation is
For the system shown in Fig. 3(a) , ρ a = 3.90 × 10 7 kg/m 2 . Separate simulations determined that the wall friction factor for the water enclosed between the graphene walls is f w,pris = 1.23 × 10 4 Pa s/m (see the supplementary material). Since the maximal V x (y) is ∼20 m/s in the channel and g x = 10 2 nm/ps 2 , f w,pris V x is at least 15 times smaller than ρ a g x anywhere in the channel and thus this term can be neglected safely for the flow shown in Fig. 3(b) . With the no-slip boundary condition at the edge of the fixed water molecules [y = ±2.5 nm in Fig. 3(a) ], the water velocity profile is parabolic and its curvature at the middle line of the horizontal plane (y = 0) is g x /ν. Using the fitted parabolic curve shown in Fig. 3(b) , a kinematic viscosity of ν = 1.09 × 10 6 m 2 /s is obtained for the quasi-2D water confined in the pristine graphene channel with a width of W = 0.85 nm. We note that the in-plane shearing viscosity obtained here is higher than bulk viscosity and is sensitive to the channel width. We find that the viscosity corresponding to the in-plane shearing of water in 0.80 nm-wide channels is ∼33% higher than that in 0.85 nm-wide channels. The higher viscosity than that in bulk and the increase of viscosity as the channel width reduces in the range of widths examined here are similar to that reported in prior work. 22 In that work, water molecules were packed into graphene channels with prescribed densities, the Green-Kubo formulism was used to compute the viscosity of water, and the graphene was modeled using the reaxFF force fields. The facts that different simulation protocols, methods of viscosity calculation, and graphene force fields lead to a similar phenomenon suggest that the phenomenon observed here is robust and insensitive to computational details. The kinematic viscosity of the quasi-2D water computed above is 50% higher than the kinematic viscosity of bulk SPC/E water at 300 K (0.72 × 10 6 m 2 /s). 39 To understand the origins of the enhanced viscosity of the quasi-2D water, we look into the structure and dynamics of quasi-2D water confined in 0.85 nm-wide graphene channels. Figure 2(b) shows that the coordination of water molecules in these channels by other molecules is strongly affected by the confinement. We examine the hydrogen bonding between water molecules in this graphene channel, as it is a key aspect of water-water coordination and greatly affects the viscosity of water. To identify hydrogen bonds, we adopt the geometrical criteria, 40 i.e., L o-o ≤ 0.35 nm and ∠OOH ≤ 30 • (L o-o : oxygen-oxygen distance; ∠OOH: angle formed between one water molecule's OH bond and the oxygen-oxygen vector pointing from the donor to the acceptor). On average, each water molecule in the channel is coordinated by 3.60 water molecules and forms 3.02 hydrogen bonds with these water molecules. In bulk SPC/E water, each water molecule is coordinated with 4.40 water molecules and forms 3.60 hydrogen bonds with them. These data show that although each water molecule in the channel is coordinated by less water molecules due to confinement, the hydrogen bonding network between water molecules is little weaken since each water molecule forms hydrogen bonds with a slightly higher fraction of its coordination water molecules than in the bulk. The water molecules inside the channel can form hydrogen bonds with a large fraction of their coordination water molecules by preferentially adopting configuration in which their dipoles (hence O-H bonds) are oriented parallel to the channel wall (see Fig. S5 of the supplementary material).
To further examine the dynamics of the hydrogen bonding between water molecules, we compute the intermittent hydrogen bond lifetime autocorrelation function 40 
C hbond
where h(t) is a binary function that is equal to 1 if a pair of water molecules hydrogen bonded at time 0 is also hydrogen bonded at time t and is 0 otherwise. Figure 4 (a) shows that C hbond (t) decays much slower for the quasi-2D water confined in graphene channels than that for bulk water. This suggests that the hydrogen bonds between water molecules confined in the graphene channel break less easily than those in bulk, thus helping explain why the viscosity of the quasi-2D water is higher than that of the bulk water.
The slower rate for the hydrogen bonds in quasi-2D water to break compared with that in bulk water is closely related to the more sluggish rotation of water molecules in the channels. The breaking of hydrogen bonds often requires the rotation of water molecules. For water confined inside narrow channels, they are much less free to rotate than in bulk. As shown in Fig. 4(b) , the dipole moment correlation function decays much slower for water molecules confined in graphene channel than in bulk. Therefore, the sluggish rotation of water molecules helps explain the slower breakage of the hydrogen bonds in quasi-2D water and consequently the higher viscosity of such water.
C. Flow of quasi-2D water in graphene channels with surface hydroxyl groups
Prior studies showed that, in graphene channels with width comparable to the water molecules' size, the functionalization groups on the graphene surface contribute greatly to the flow resistance through the channels. 19, 41 Below we investigate how these functionalization groups hinder the transport of quasi-2D water through graphene channels. Because the functionalization groups on graphene surfaces can either form mesoscale, oxygen rich domains 20 or distribute rather randomly, these situations are considered separately. We only consider hydroxyl groups, a common type of surface functionalization group. We first consider the flow near hydroxyl clusters, with a focus on how the flow field is perturbed by the hydroxyl cluster and the drag exerted to water by the cluster.
To understand how hydroxyl groups affect the transport of quasi-2D water through graphene channels, clusters containing 1, 3, 6, and 12 hydroxyl groups are anchored at the center of the lower wall of 0.85 nm-wide graphene channels. In each cluster, the spacing between the neighboring hydroxyl groups is ∼0.24 nm, which is close to that for GO sheets with uniformly distributed hydroxyl group at an O/C ratio of 0.5. The lateral dimension of the graphene walls is 12.18 and 12.12 nm in the x-and y-directions, respectively. The MD box length is ∼50 times of the radius of one hydroxyl group (0.23 nm, see below). A constant acceleration of g x = 1 × 10 3 nm/ps 2 is applied on all water molecules in the channel to drive the flow in the x-direction. Separate simulations confirmed that the flow response is in the linear regime with the acceleration used here.
We first examine the structure and flow of water near a single hydroxyl group. Figure 5 density distribution in the xy-plane around the hydroxyl group. The hydroxyl group is hydrated by a ring of water molecules around it, and the water shows no clear structure at a radial distance larger than ∼0.5 nm. The lower water density in the ring center is due to the excluded volume by the hydroxyl group. 42 Figure 5 (b) further shows the water number density distribution around the hydroxyl group in the radial (r) and height (z) directions [the carbon atom connected to this hydroxyl group is located at (r, z) = (0, 0)]. The significant peak at (r, z) = (0.23 nm, 0.32 nm) indicates that the hydroxyl group is hydrated mostly by the water molecules in the same z-plane. Based on the lateral position of its nearest hydration peak, the effective radius of a single hydroxyl group can be taken as 0.23 nm. The weak peak at (r, z) = (0.0 nm, 0.52 nm) indicates that some water molecules can also access the space above the hydroxyl group.
The hydroxyl group protruding into the channel hinders the water transport through the channel. 5(d) show that the fluid flow is perturbed by a hydroxyl group at a position tens of its radius. For larger hydroxyl clusters, the flow is also retarded in a wide region around them [see Fig. 6(b) ]. For example, within the simulation box that spans ∼12 nm in both x-and y-directions, the velocity is distinctly non-uniform even at the furthest position from the cluster featuring 3 hydroxyl groups (see Fig. S6 in the supplementary  material) . The difficulty in reaching uniform fluid velocity away from the hydroxyl cluster is consistent with the theories and simulations of low-Reynolds number flow in 2D space. For example, based on a recent study of such flows using lattice Boltzmann simulations, 43 a uniform velocity at the far field can be rigorously achieved only when the MD box length reaches more than hundreds of nanometers. However, the finite box size has a weak effect on the drag computed for a single hydroxyl group based on the Reynolds number and box size used in this study according to the systematic study in Ref. 43 .
An interesting observation of Figs. 5(c) and 5(d) is that, at the interface between the hydroxyl group and its hydration water, the water velocity drops to ∼50% of the upstream velocity but never reaches zero. The latter indicates that both the water molecules sandwiched between the hydroxyl group and the upper graphene wall and the water molecules at the lateral side of the hydroxyl group maintain considerable velocity. Therefore, the no-slip boundary condition is not applicable to the flow around a single hydroxyl group anchored on the wall of the graphene channel considered here. For the larger hydroxyl clusters considered here, the spacing between neighboring hydroxyl groups is large enough that water molecules can penetrate into the interstitial space between the hydroxyl groups [see Fig. 6(a) ]. Figure 6 (b) shows that water molecules can slip along the molecular surface of individual hydroxyl groups and flow through the space between the hydroxyl groups on the bottom graphene wall and the upper graphene wall. This result suggests that small patches of hydroxyl groups on graphene walls, while slowing down the water transport in the channel, do not eliminate the flow even when the spacing between neighboring hydroxyl groups (∼0.24 nm in the present study) is close to the size of a water molecule.
It is desirable to compare the MD velocity field with the prediction by the 2D hydrodynamics. However, this comparison is difficult for two reasons. First, although the flow away from the cluster is essentially 2D, the flow near the cluster does have 3D features. For example, there are water molecules between the hydroxyl group and the upper channel wall [see Fig. 5(b) ] and thus the hydroxyl group cannot be taken as an infinite cylinder as in 2D hydrodynamics. Second, the water molecules in contact with the hydroxyl group have finite velocity [see Fig. 5(c)] , and thus what boundary condition to apply on the hydroxyl group's surface in continuum calculation is not clear.
The hydroxyl cluster retards the flow by exerting a drag force (F d,hdrx ) to the water. Following the practice in continuum hydrodynamics, we characterize this drag by dividing it by the free stream velocity U ∞ (i.e., the average fluid velocity at position 6 nm far away from the cluster, where the flow is little disturbed). (which is equal to the external force applied to the water) and F d,gn is the drag rendered by the pristine portion of the channel walls. Although our simulation box is quite large in the horizontal plane (12.18 × 12.12 nm 2 ), a somewhat uniform velocity at a position away from the cluster is approximately reached only when the cluster contains one hydroxyl group. Since the area occupied by a single hydroxyl group is negligible compared to the total area of the graphene walls, F d,gn is computed using F d,gn = AŪf w,pris , where A is the projection area of the graphene wall, f w,pris is the friction factor computed earlier for pristine graphene walls (1.23 × 10 4 Pa s/m), andŪ is the average velocity of the water molecules in the slit channel. Using the above method, F d,hdrx /U ∞ is determined as 1.06 × 10 12 N s/m for a single, isolated hydroxyl group, i.e., the drag rendered by an isolated hydroxyl group is equivalent to that rendered by pristine graphene walls with a projection area of F d,hdrx /(U ∞ f w,pris ) = 86.2 nm 2 . Clearly, surface functionalization groups, even though they may occupy little area on the graphene walls, can render significant drag to the quasi-2D water. As shown below, F d,hdrx /U ∞ is useful for determining how the flow in graphene channels is hindered by randomly distributed hydroxyl groups on the graphene walls.
For practical applications such as desalination, it is useful to know how the flow through graphene channels is hindered by the graphene wall and the functionalization groups on them in addition to the detailed flow characteristics described above. For a given channel width, such hindrance depends on the type, density, and distribution of the functionalization groups on the graphene walls. Below we study such hindrance by computing the drag rendered by the graphene walls and their functionalization groups to quasi-2D water when graphene walls are functionalized with randomly distributed hydroxyl groups. The channel width is the same as above (0.85 nm), and the area density of the hydroxyl groups, c s , is kept below 2 nm 2 . Note that c s is measured as the number of hydroxyl groups in contact with water per unit projection area of the graphene walls. The hydroxyl groups are functionalized on both sides of each graphene wall as shown in Fig. 1(b) and a c s less than 2 nm 2 corresponds to an O/C ratio of less than 0.05 for the graphene walls.
To generate a flow through the channel, we apply an acceleration to all water molecules in the x-direction and measure the average velocity of the resulting flow, U x . Because water is a quasi-2D fluid sandwiched by channel walls with surface functionalization groups, it is convenient to lump the channel walls and their functionalization groups together and characterize their hindrance to the flow using a friction factor f,
where F d is the total external force applied to the water molecules, which is equal to the drag force experienced by them. A is the projection area of the graphene walls in the horizontal plane. At hydroxyl area density c s = 0 (i.e., pristine graphene walls), the friction factor f reduces to the friction factor of the pristine graphene channel: f = f w,pris = 1.23 × 10 4 Pa s/m. Figure 7 shows the friction factor at different hydroxyl densities. For each density c s , the friction factor and its error bar are obtained from four sets of simulations with independent initial configurations of water molecules and randomly distributed hydroxyl groups on the graphene walls. Figure 7 shows that f increases rather linearly with c s for c s 0.5 nm 2 , largely because the flow near individual hydroxyl groups interacts weakly with each other. At c s > 0.5 nm 2 , hydroxyl groups approach each other rather closely and the regions in which the water structure is altered by them start to overlap (see the inset of Fig. 7) . Hence, the flow near different hydroxyl groups affects each other markedly and the friction factor increases nonlinearly. Physically, as c s increases, water molecules in the channel travel increasingly more tortuous pathways and interact with increasingly more hydroxyl groups as they move along the channel. Consequently, the friction factor increases sharply.
The friction factor shown in Fig. 7 allows one to calculate the flux of quasi-2D water through graphene channels without resolving the flow fields in the channel. This is similar to the calculation of fluid flux through porous media in continuum theories. Specifically, modeling of the flow in porous media often relies on homogenized models in which the flow field at the pore scale is not resolved explicitly, but the drag force rendered by the solid matrix to the flow is described using empirical laws. For example, the drag by a porous solid matrix to the fluids in it is often described using the Carman equation
where D is the volumetric drag, φ is the solid volume fraction, u is the local fluid velocity, and a is a constant. 44 Since the flow through graphene channels in which surface hydroxyl groups protrude into the channel interior is similar to the flow through a packed bed of solid particles, in the spirit of the classical Carman equation, we fit the data in Fig. 7 to a modified Carman equation
where θ = c s πr 2 h is the surface fraction of the hydroxyl groups, r h is the hydrodynamic radius of individual hydroxyl groups, and k is a constant. The first and second terms account for the drag rendered by the pristine portion of graphene walls and the hydroxyl groups, respectively. With the drag rendered by pristine graphene and an isolated hydroxyl group obtained above (f w,pris = 1.23 × 10 4 Pa s/m and F d,hdrx /U ∞ = 1.06 × 10 −12 N s/m), the key fitting parameter is the hydrodynamic radius r h of individual hydroxyl groups. Figure 7 shows that the computed friction factor can be fitted quite well to Eq. (4) if r h is taken as 0.22 nm. This fitted r h is reasonable since it is close to the distance between a hydroxyl group anchored on a graphene wall and the first ring of water molecules around it [see Fig. 5(b) ]. Thus, the friction factor and its scaling with the functionalization groups' density for the flow of quasi-2D water through graphene channels can also be captured using the same form of empirical correlations used in continuum hydrodynamics.
IV. CONCLUSIONS
In summary, we study the structure, dynamics, and flow of water in graphene channels slightly wider than the diameter of a single water molecule. In such narrow channels, water molecules are coordinated primarily by neighboring water molecules within the same horizontal plane, and water essentially becomes quasi-2D liquids. The flow of such quasi-2D liquids is dominated by in-plane shearing and the hindrance by surface functionalization groups protruding into the channel. We show that the flow of such quasi-2D liquids can be modeled using classical hydrodynamic models. The effective kinematic viscosity of the water confined in 0.85 nm-wide channels with pristine graphene walls is ∼50% higher than the bulk water, largely because of the slowed rotation of water molecules in the channel. The flow of such quasi-2D water around a single hydroxyl group and clusters of hydroxyl groups functionalized on the graphene walls exhibits features similar to continuum-scale low Re-number flows near immersed objects, e.g., the disturbance of flow by a cluster extends tens of cluster radius from the cluster center. When water molecules penetrate into the interstitial space between the hydroxyl groups, the no-slip boundary condition is not satisfied at the hydroxyl-water interface. Nevertheless, these groups render a significant drag to the flow, e.g., an isolated hydroxyl group produces drag equivalent to ∼90 nm 2 of pristine graphene walls. Similar to the flow in porous media, the drag rendered by a graphene channel with randomly distributed surface hydroxyl groups can be characterized using an effective friction factor. For slit graphene channels with a width of 0.85 nm, the friction factor increases linearly up to a hydroxyl surface density of ∼0.5 nm 2 (or equivalently an O/C ratio of 0.013). At higher surface densities, the drag increases sharply and can be captured using a modified Carman equation at least up to a surface density of ∼2 nm 2 (O/C ratio of ∼0.05).
Molecularly wide nanochannels formed by graphene sheets have many potential applications. Understanding the dynamic properties of fluids confined in such channels and how the flow through these channels is affected by the properties of the graphene sheets are essential for applications such as water desalination and gas separation. Our study highlights that surface functionalization groups on the graphene walls dominate the drag on the water moving through these channels even at low functionalization densities. The quantitative insight on how hydroxyl groups screen the flow helps understand the water permeation through graphene membranes and guide their design for desalination. For example, because a single hydroxyl group renders drag equivalent to ∼90 nm 2 of pristine graphene to quasi-2D water confined in graphene channels and the carbon atom density of a single-layer graphene is ∼39 nm 2 , the O/C ratio of graphene walls with uniformly distributed hydroxyl groups should be less than ∼3 × 10 4 for the channel to exhibit water transport comparable to pristine graphene channel. If hydroxyl groups are randomly distributed on graphene, their area density should ideally be controlled to <0.5 nm 2 (or equivalently, an O/C ratio of less than ∼0.013) since the drag rendered by them increases sharply at higher area densities.
SUPPLEMENTARY MATERIAL
See supplementary material for 3D views of the simulation system, a method for determining the number of water molecules inside the channels, considerations of graphene flexibility and thermostatting in flow simulations, calculation of friction coefficient of the pristine graphene wall, force field parameters, the orientation of water molecules inside pristine graphene channels, and the structure and flow of quasi-2D water near a cluster of three hydroxyl groups anchored on the lower wall of a graphene channel.
